Abstract Separating rat pups from their mothers during the early stages of life is an animal model commonly used to study the development of psychiatric disorders such as anxiety and depression. The present study investigated how soon after the termination of the maternal separation period behavioural and neuroendocrine abnormalities relevant to above-mentioned illnesses would manifest. Sprague Dawley rat pups were subjected to maternal separation (3 h per day from postnatal day 2 through 14) and their behaviour and HPA axis activity determined 7 d later. We also measured nerve growth factor levels in their hippocampi and assessed the DNA methylation status of the promoter region of exon 1 7 of the glucocorticoid Metab Brain Dis (2009) receptor in this brain region. As early as 7 d after the termination of the adverse event, a change in behaviour was observed that was associated with increased plasma corticosterone release and elevated nerve growth factor levels in the hippocampus. No alteration in the methylation status of the exon 1 7 glucocorticoid receptor promoter region was observed. Our data indicate that early life adversity may lead to the rapid development of abnormal behaviours and HPA axis dysregulation though no epigenetic changes to the exon 1 7 glucocorticoid receptor promoter region occurred. We further propose that the observed increased neurotrophin levels reflect compensatory mechanisms that attempt to combat the longterm deleterious effects of maternal separation.
Introduction
Clinical studies show that exposure to early adversity such as childhood sexual abuse is associated with an increased risk of developing psychiatric disorders in adulthood (Kessler 1997; Heim and Nemeroff 2001; Rinne et al. 2002) . Similar to humans, other mammals suffering stressful events at an early age can develop behavioural disturbances in adulthood. For example, postnatally stressed (Daniels et al. 2004a ) and young traumatized rats (Uys et al. 2006a ) exhibit abnormal behaviour on tests of anxiety when assessed weeks after exposure to stressful events. Further, these behavioural abnormalities in animals were associated with aberrations in the HPA axis, akin to humans (Yehuda et al. 1993) .
Maternal separation is one animal model that has been studied extensively to characterize the long-term effects of early life experience on subsequent behaviour in adulthood (Plotsky and Meany 1993; Pryce and Feldon 2003) . This model is based on separation of neonatal rat pups from their mothers during a critical period of development, usually during the first 2 weeks of life. Ladd et al. (1996) found that maternal separation during this period alters stress-induced HPA axis and behavioural responses in adulthood, including increased anxiety-like behaviours and anhedonia. However, decreased anxiety-like behaviours following maternal separation have also been reported (Ecklund and Arborelius 2006) .
The glucocorticoid receptor present in the hippocampus is important in regulating the activity of the HPA axis after stress, and recent studies have shown that removal of the pup from the dam (Enthoven et al. 2008) , as well as trauma during adolescence (Uys et al. 2006b ), leads to dysregulated corticosterone release with down-regulation of glucocorticoid receptors in the hippocampus. These results therefore suggest that the expression of glucocorticoid receptors may be an integral part of the regulatory mechanisms controlling HPA axis activity.
Alterations in the concentration of nerve growth factor (NGF) occur in conditions in which the HPA axis is dysregulated (Faure et al. 2007; Uys et al. 2006a) , suggesting an interaction between neurotrophins and the neuroendocrine system. Binding of NGF to its tyrosine receptor results in the increased expression of the transcription factor NGFI-A (D'Arcangelo and Halegoua 1993). This transcription factor binds to the exon 1 7 glucocorticoid receptor promoter region and in doing so induces the activity of the exon 1 7 GR promoter with subsequent increase in glucocorticoid receptor expression (Szyf et al. 2005) . The exon 1 7 glucocorticoid receptor promoter region contains a CpG island, and the DNA methylation status of this region has been shown to influence gene expression (Weaver et al. 2007) . Earlier investigations have shown that the DNA methylation status of this NGFI-A binding site may be influenced by variations in maternal care experienced by rat pups (Weaver et al. 2004; Szyf et al. 2005) . We therefore hypothesized that rats subjected to maternal separation develop not only behavioural and neuroendocrine changes but also altered DNA methylation status of the promoter region of exon 1 7 of the glucocorticoid receptor in the hippocampal region. We chose to do our investigation around weaning as a recent study has demonstrated the presence of abnormalities in the HPA axis at this stage of development (Enthoven et al. 2008) .
Experimental procedure

Animals
A total of 27 Sprague Dawley rats were used in this study. Initially five male-female pairs, housed in the Central Research Facility of the University of Stellenbosch (an AAALAC accredited facility), were used to provide off spring for the subsequent experiments. The housing conditions included a 12 h light/dark cycle with lights on at 06h00, 22°C ambient temperature and humidity of 55%. The animals were fed standard rat chow and tap water ad libitum. All experimental procedures were approved by the Committee for Ethical Animal Research of the University of Stellenbosch.
Maternal separation procedure
The day pups were first observed was taken as postnatal day (PND) 1. Maternal separation was performed daily beginning PND 2 through PND 14, between 09h30 and 13h00. Dams were removed from the home cage and placed into individual cages for the duration of the 3 h separation period, while the entire litter remained in their home cage. The home cage was transferred to a separate room and placed under infrared light to maintain cage temperature between 33°C and 35°C. At the conclusion of the separation period, pups were taken to the colony room where they were joined by their respective dams. Apart from normal cage cleaning, the control group remained undisturbed. Only male rats were used in subsequent experiments.
Behavioural assessment
The open field was used to assess anxious-like behaviour and locomotor activity of 15 normally reared (control) and 12 separated animals. Behavioural assessment was performed at two different time points spread over two consecutive days. The different time points were PND 19 and 20, which were 5 and 6 d, respectively, after the completion of maternal separation. The first behavioural day consisted of placing the animal in the open field for 10 min. The second behavioural day involved the introduction of a novel object to the center of the arena (inner zone) of the same open field. This served to further investigate the rats' exploratory behaviour. Rats were videotaped and their behaviour was assessed by means of EthoVision System (Noldus Inc., The Netherlands). Time spent in the inner zone, total distance traveled, and the number of approaches to the novel object was documented.
Sample collection
Twenty-four hours after the last behavioural assessment, namely PND 21, each animal was brought into a separate room where trunk blood was collected and the plasma obtained for corticosterone determination by using an ELISA kit (Assay Designs Correlate-EIA Corticosterone Enzyme Immunoassay Kit, USA). The hippocampi were quickly dissected from the brain and frozen in liquid nitrogen. Of the group the hippocampi of 12 control and nine separated rats were analyzed for NGF with an ELISA kit (Promega E-Max ImmunoAssay System, USA), and three hippocampi from each group were used for the DNA methylation experiments.
DNA methylation
The methodology used was validated in a separate study conducted by one of our co-authors during his PhD studies (McEvoy 2002). We followed the exact steps in this study except, that different primers were used to amplify the gene.
DNA from three independent animals of each group was isolated from the hippocampus by using the DNeasy blood & tissue kit (Qiagen) according to the manufacturer's instructions. Lysis was performed by cutting the tissue in pieces with a surgical blade and incubating these for 3 h in a waterbath at 56°C with vortexing every half hour. Isolated DNA was further purified by phenol/chloroform extraction and ethanol precipitation.
DNA concentrations were determined by OD measurement by using a Nanodrop ND-1,000 spectrophotometer and aliquots of 1 μl sample. DNA quality was measured by gel electrophoresis in 1% agarose.
The methylation status of the exon1 7 glucocorticoid receptor promoter region was assessed by sequencing PCR amplified bisulfite-modified genomic DNA extracted from the hippocampus (Frommer et al. 1992) . Bisulfite modification was done according to protocol with the EZ DNA Methylation-Gold Kit (Zymo Research Corp., Inqaba Biotec). Overall, 1 μg of bisulfite modified DNA samples from PND 21 was used as input.
PCR amplification was performed in a reaction mixture containing 4 μl bisulfite modified DNA (or 2 μl of a 1/100 dilution of first round PCR product), 5 μl 10 × buffer, 4 μl 25 mM MgCl 2 , 8 μl 10 mM dNTP's, 2 μl of each primer (50 pmol/μl), and 0.4 μl HotStarTaq DNA polymerase (Qiagen, Germany) and made up to 50 μl with H 2 O. Two sets of primers were used in our study. These were as follows: Y (= T or C) and R (= A or G) nucleotides in the above sequences indicate nucleotide positions that may or may not be methylated (ie. C's that are part of CpG dinucleotides) and this redundancy is used to ensure primer binding to either sequence following bisulfite modification. The sequence of the rat exon1 7 glucocorticoid receptor promoter region, the positions of the first and second round PCR primers, and the 9 bp NGFI-A binding site are shown in Fig. 1 .
PCR was performed on a GeneAmp PCR system 2400 machine (Applied Biosystems, South Africa). Fifty cycles were performed, and the 594 bp PCR product run on a 1.5% low melting point agarose gel (Agarose MS-8, Whitehead Scientific, South Africa), excised from the gel, and purified by using the Wizard SV Gel and PCR Clean-Up System (cat. no. A9282, Promega, U.K.). Samples were sequenced with an ABI prism 3130 xl Genetic Analyzer (Applied Biosystems, U.K.). Round 2 Fw and Rev primers were used for sequencing.
Statistical analysis
GraphPad Prism 5 was employed for statistical analyses and graphical representations. All data are presented as the means ± S.E.M. Because two groups were compared, the data were subjected to only the Mann-Whitney-U test. 
Results
Open field test
Total distance traveled in the open field was significantly higher for the maternally separated rats (Fig. 2a; p<0.05 Fig. 2b; p<0.05 ). On the other hand, frequency of approaches to the novel object was significantly lower for the maternally separated rats when compared to their controls ( Fig. 2c; p<0.05).
Corticosterone
Corticosterone levels were significantly increased in maternally separated rats in comparison to the control group (Fig. 3) .
Neurotrophins
NGF levels in the hippocampus were significantly higher in maternally separated rats than in controls (Fig. 4a) , but no significant difference in the levels of NT-3 between the two groups was observed (Fig. 4b ).
Methylation analysis of the exon 1 7 glucocorticoid receptor promoter region
The nested PCR described above was used to successfully amplify a 594 bp product (Fig. 5) . By using the two second round PCR primers plus an additional internal sequencing primer, we were able to confirm the sequence and characterise the methylation status of 66 CpG sites, including the NGFI-A binding site, within the exon 1 7 glucocorticoid receptor promoter region. No methylation of the NGF-1A binding site of maternally separated rats occurred, and the sequencing result from maternally separated animals after PND 21 was similar to that of normally reared control animals (Fig. 6 ).
Discussion
We and many others have used a maternal separation paradigm as a model for studying the consequences of early adversity (Ladd et al. 2000; Daniels et al. 2004a , NT-3 concentration (pg/ml/mg ww) Fig. 4 Graphs showing NGF (a) and Slotten et al. 2006) . These studies have focused on the long-term effects of maternal separation, including changes in behaviour and neurophysiology. Here we report that within a few days of the termination of the adverse event, a change in behaviour was observed that is associated with increased plasma corticosterone release and elevated NGF levels in the hippocampus, but no alteration in the methylation status of the exon 1 7 glucocorticoid receptor promoter region. Both animal and human studies have shown that early adversity results in altered behaviour and neurophysiology. In humans, child abuse is a risk factor for subsequent onset of mental disorders such as depression and post-traumatic stress disorder (Heim and Nemeroff 2001) . Similar studies in which animals were subjected to forms of early life stress also found altered behaviour (Suomi et al. 1992; Daniels et al. 2004a; Marais et al. 2008) . The behavioural changes observed in the present study are therefore similar to those in previous investigations. The significant fact of the present findings is these changes manifested soon after the termination of the maternal separation. Our experiments therefore pointed towards a relatively rapid onset of behavioural and neurochemical changes following repeated exposure to adversity. Interestingly, animals subjected to maternal separation displayed a greater degree of locomotor activity and spent more time in the inner zone of the open field. Usually these findings would be suggestive of a relaxed emotional state. However, this increase in activity may also reflect a state of hyperarousal as separated animals were less keen to explore the novel object than controls. Taken together it seems as if separated animals could have been moving anxiously around the open field seeking escape routes or an area of shelter. Maternal start NGFI-A stop NGFI-A binding site binding site Fig. 6 Part of the sequence of the glucocorticoid receptor promoter region containing the NGFI-A binding site (GCGGGGGCG) . No C's have been converted to T's, indicating that these cytosine residues were not methylated. This is a representative result from an animal that has been subjected to maternal separation separation leading to anxious-like behaviour and hyperactivity has been observed previously (Anand and Scalzo 2000; Daniels et al. 2004a; Slotten et al. 2006) .
The elevated corticosterone levels indicate that the normal function of the HPA axis has been disturbed in separated animals. This is in accordance with reports by others (Ladd et al. 2000; Kalinichev et al. 2002; Huot et al. 2004) . A number of mechanisms may be responsible for the malfunctioning of the HPA axis. For example, raised circulating concentrations of corticosterone have been associated with decreased sensitivity of the HPA axis feedback system as reflected by a reduction in glucocorticoid receptor numbers in the hippocampus (Uys et al. 2006b ). In addition, glucocorticoid receptors present in other brain regions may also have contributed to the dysregulation of the HPA axis in maternally separated animals. Steroid receptors involved in mediating feedback inhibition of the HPA axis have been identified in other brain structures, including the amygdala, septum and entorhinal cortex (Szyf et al. 2005) , forebrain (Boyle et al. 2006) , and posterior paraventricular thalamus (Jaferi and Bhatnagar 2006) . Alternatively, the increased secretion of corticosterone could have been due to enhanced release of corticotrophin releasing factor (Daniels et al. 2004b) , hypersecretion of ACTH (Daniels et al. 2004a) , and/or altered responsiveness of the adrenal gland (Uys et al. 2006a) .
The hippocampal NGF levels were significantly increased in the maternally separated group of animals when compared to normally reared controls. We initially found an increase in earlier experiments in which animals were subjected to a series of stressors (Faure et al. 2007 ), but we were unable to replicate this in a subsequent study in which animals were subjected to only the maternal separation paradigm (Marais et al. 2008 ). Our present results may therefore indicate the attempts by the brain to compensate for the initial stressful insult. This early increase in neurotrophin release subsequently disappears with time as the brain reaches a level of homeostatis. In the case of the earlier study (Faure et al. 2007) , the repetitive stressors applied in the experiments presented ongoing onslaughts on the brain, and hence the enhanced release of neurotrophins is observed over a longer time period.
NGF binds to the receptor TrkA and activates the MAPKinase signaling pathway to induce the expression of immediate early genes such as c-jun and NGF1A (D'Arcangelo and Halegoua 1993; Kendall et al. 1994 ). The induction of these genes has been observed following exposure to stress (Honkaniemi et al. 1994; Rosen et al. 1998) . At the same time, environmental enrichment-which may counter the effects of stress (Mohammed et al. 2002 )-also increases both glucocorticoid receptors and NGF1-A gene expression (Olsson et al. 1994) . Chronic treatment with glucocorticoids had no effect on immobilization stress-induced increases in NGF1A expression (Umemoto et al. 1997) , while the increased expression of NGF1-A cells suppressed the development of neurites in PC12 cells exposed to NGF (Matsumoto et al. 2000) . These findings and ours therefore support the hypothesis that stress leads to allostatic load and in order to counter this, increased neurotrophins are released. Our results also reflect the complex interaction between early life stress, glucocorticoids, NGF, and NGF1-A, and underline the need for closer investigation.
Reports by Meaney and colleagues (Szyf et al. 2005; Weaver et al. 2004 Weaver et al. , 2007 have suggested that epigenetic alterations may account (at least in part) for behavioural changes induced by early life experiences. These authors showed that the long-term effects of different mothering styles on behavioural outcomes were dependent on the methylation status of DNA, and specifically the promoter region of the glucocorticoid receptor in hippocampus. Unlike their studies, we were unable to show any difference in methylation status of the same region in animals that were maternally separated. The discrepancies between our results and theirs may be due to the different paradigms under study (maternal separation vs mothering style). It may therefore be possible that methylation of the glucocorticoid receptor promoter region is specific for certain patterns of maternal care, but does not hold true for all forms of mothering styles. Some support for such specificity stems from a recent investigation in which no evidence of methylation was observed in the human DNA analogue of the rat NGF1A binding region of normal as well as diseased post mortem tissue (Moser et al. 2007) . It is also possible that DNA methylation status is not only condition-dependent but may also be species specific. In our study we used Sprague Dawley rats and not Long Evans hooded rats in which hypo-methylation of DNA has been reported to occur under circumstances of increased maternal attention during early life.
In summary, our study confirmed that maternal separation during early life can lead to behavioural and neurochemical abnormalities. Our data suggest that these changes may manifest rapidly after the separation period. However, the disruption in maternal care during the separation period did not induce epigenetic alterations in the promoter region of the glucocorticoid receptor in the hippocampus. This result, however, does not exclude the possibility of epigenetic modifications of DNA in other parts of the genome in other brain areas.
